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Maintaining the Ribosomal Reading Frame:
The Influence of the E Site during
Translational Regulation of Release Factor 2
by Wilson and Nierhaus, 2003). The ribosome is a re-
markable machine, since it performs translation not only
at high speed, incorporating 10–20 amino acids into
the nascent chain per second, but also with extreme
accuracy, making only one misincorporation for every
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frameshift events is significantly higher (reviewed by
Atkins et al. [2000]). A classic example of such a site is
located within the mRNA of the E. coli prfB gene, whichSummary
encodes the termination release factor 2 (RF2). Transla-
tion of the full-length and active RF2 protein requiresMaintenance of the translation reading frame is one
a 1 frameshift at the 26th position of the mRNA inof the most remarkable achievements of the ribosome
order to bypass an in-frame UGA stop codon. In fact,while decoding the information of an mRNA. Loss of
this programmed frameshifting site acts as an autoregu-the reading frame through spontaneous frameshifting
latory mechanism, since RF2 terminates translation atoccurs with a frequency of one in 30,000 amino acid
UGA stop codons. Therefore, when the intracellular lev-incorporations. However, at many recoding sites, the
els of RF2 are high, termination at the 26th position inmechanism that controls reading frame maintenance
the prfB mRNA predominates, producing an inactiveis switched off. One such example is the programmed
truncated RF2 protein that is rapidly degraded. How-1 frameshift site of the prfB gene encoding the termi-
ever, when RF2 levels are low, the stop codon is by-nation factor RF2, in which slippage into the forward
passed via the 1 frameshifting event, leading to theframe by one nucleotide can attain an efficiency of
production of full-length protein. What is extraordinary is100%, namely, four orders of magnitude higher than
that the frameshifting rate was determined to be 30%normally observed. Here, using the RF2 frameshift
(Curran and Yarus, 1988; Weiss et al., 1987, 1988) andwindow, we demonstrate that premature release of
could be modulated to occur with up to 100% efficiencythe E site tRNA from the ribosome is coupled with
(Donly et al., 1990), i.e., frameshifting on the prfB mRNAhigh-level frameshifting. Consistently, in a minimal
occurs with a frequency that is more than four orderssystem, the presence of the E site tRNA prevents the
of magnitude higher than normal.
1 frameshift event, illustrating the importance of the
Several features have been identified that contribute
E site for reading-frame maintenance.
to this efficiency: frameshifting is facilitated because (1)
translation termination occurs slowly at a weak UGAC
Introduction stop signal (Major et al., 1996; Poole et al., 1995), particu-
larly when the intracellular levels of RF2 are low; (2) the
The ribosome acts as a platform upon which the mRNA weak G:U wobble base pair of the oligopeptidyl-tRNALeu
is decoded by tRNAs and the nascent polypeptide chain at the P site promotes slippage into the new 1 frame
is synthesized. There are three tRNA binding sites on (Curran, 1993); (3) a perfect realignment of the peptidyl-
the ribosome: the A site, where the aminoacyl-tRNA tRNA at the P site with the new aminoacyl-tRNA Asp-
binds; the P site, where the peptidyl-tRNA is bound tRNA in the new frame is acquired after the frameshifting
before peptide bond formation; and the E or exit site (Curran, 1993); and (4) a Shine-Dalgarno(SD)-like se-
that is specific for deacylated-tRNA. During translation quence precedes the UGA stop codon, which is comple-
elongation, tRNAs bind at the A site and move succes- mentary to the anti-SD sequence found at the 3 end of
sively through the P and E sites before leaving the ribo- 16S rRNA (Weiss et al., 1988).
some. The ribosome must ensure that the binding of It has already been demonstrated that presence of
the tRNAs remains faithful to the codon of the mRNA the SD-anti-SD interaction is essential for frameshifting,
displayed at the A site and that the correct reading frame since mutations in the SD that prevent this interaction
of the mRNA is maintained during translation (reviewed decrease the frameshifting efficiency markedly (Weiss
et al., 1988). Furthermore, the spacing between the SD
sequence and the frameshift site is critical for high-*Correspondence: nierhaus@molgen.mpg.de
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efficiency frameshifting. In the E. coli prfB mRNA, the An In Vitro System for Translation of the prfB
Frameshift WindowSD-like sequence is located two nucleotides upstream
An E. coli in vitro system was established that utilizedof the first codon nucleotide of the P site (UGA at the A
an enriched synthetase fraction (see Experimental Pro-site). Increasing the spacing by even a single nucleotide
cedures) to translate mRNAs containing the original se-dramatically reduced the efficiency and by two nucleo-
quence UAU-CUU-UGAC present in the prfB frameshifttides removed all signs of frameshifting (Larsen et al.,
site (see Figure 2A). In this frameshift window, the stop1994; Weiss et al., 1987). Despite these observations,
codon UGA is preceded by codons for Leu (CUU) andthe mechanism by which the SD-like sequence stimu-
Tyr (UAU), and the frameshift involves the slippage oflates the frameshifting event is not known.
the P site peptidyl-tRNALeu from the CUU codon in the1We have noted that the complementarity between the
direction to re-base pair with UUU, allowing the decod-SD-like sequence of the mRNA and the anti-SD se-
ing of the GAC in the A site by Asp-tRNAAsp. In orderquence of the 16S rRNA extends into the ribosomal E
to test the hypothesis that the SD-anti-SD interactionsite. This prompted us to establish an in vitro translation
causes release of the deacylated-tRNA from the E sitesystem that allows both the efficiency of frameshifting
due to a steric clash with codon-anticodon interactionand the extent of deacylated-tRNA release from the ribo-
of the E-tRNA-mRNA complex, we constructed two dif-somal E site to be measured. Our results suggest that
ferent mRNAs. The first mRNA (SD) contained the SD-the SD-anti-SD interaction enhances frameshifting by
like sequence AGGGGGU found in the original prfBcausing the release of the deacylated-tRNA from the
mRNA, spaced by two nucleotides from the first positionribosomal E site. Indeed, we could show by monitoring
of the P site codon CUU, and thus exhibited the pre-dipeptide formation within a model of the prfB 1
dicted overlap with the first nucleotide of the E siteframeshift window that the presence of a tRNA at the
codon UAU. For the second mRNA (SD), we exploitedE site and probably codon-anticodon interaction at this
the degeneration of the genetic code to remove thesite prohibits slippage of the tRNAs in the1 frame and
SD-like sequence without changing the amino acidalso stable binding of the A site tRNA out of frame. This
sequence (Figure 2A). The heteropolymeric region ofsuggests that the occupation of the E site by a tRNA is
the mRNA encoding the frameshift window and teninstrumental for maintaining the reading frame and that
amino acids upstream was preceded by the sequencemodulation of this dependence is exploited for the highly
GG(UUC)12. The GG is important for efficient T7 tran-efficient feedback regulation of the translation of the
scription, whereas the following oligo(UUC) permitsRF2 mRNA.
priming with AcPhe-tRNA (see below) and efficient
translation of the mRNA, as observed previously in anResults and Discussion
optimized poly(U)-dependent poly(Phe) system (Dinos
et al., 2004).The SD-Anti-SD Interaction Encroaches
The design of these mRNAs enabled us to monitor theon the E Site Position of the mRNA
following in a single reaction: (1) the number of nascentAn analysis of all the available sequences for prfB genes
polypeptide chains synthesized by measuring the incor-
demonstrated that the frameshifting mechanism oper-
poration of Ac[3H]Phe, since each translation is initiated
ates in many but not all bacterial species (Baranov et
with Ac[3H]Phe-tRNAPhe; (2) E site occupation, by mea-
al., 2002). For those organisms in which the mechanism
suring the amount of [32P]tRNATyr bound to the ribosome,
was predicted to exist, there is a strong conservation since there is only one Tyr codon in the mRNA, namely
in the position of the SD-like sequence relative to the that within the frameshift window; and (3) the extent of
frameshift site. Closer inspection of these sequences frameshifting, by measuring the incorporation of [14C]Asp
and those of the correlating anti-SD sequences found into the nascent polypeptide chain, since Asp can only
within the 16S rRNA genes of the corresponding organ- be incorporated into the nascent chain if a1 frameshift
ism revealed that, in the majority of cases, the interaction event occurs. The development of this system necessi-
between the SD-anti-SD sequences also encompassed tated that we use tRNAbulk from E. coli that had been
the first position of the E site codon (Baranov et al., depleted of tRNATyr and supplemented with [32P]tRNATyr
2002), i.e., the spacing in these cases would in fact be and also to use tRNA-free enzyme fractions that were
only two, rather than the three that had been previously enriched in synthetases via an anion-exchange chroma-
reported (distance to the first position of the P site codon tography and contained no detectable traces of amino
when the UGA stop codon is at the A site). This sug- acids (see Experimental Procedures for more details).
gested to us that the interaction between the two com- Analysis of frameshifting using the in vitro translation
plementary sequences would preclude binding of the E of the frameshift window containing mRNAs (Figure 2A)
site tRNA and might therefore facilitate its early release requires that initiation occur upstream of the frameshift
from the ribosome. We reasoned that the unusual situa- window and in the correct frame, thus ensuring that the
tion arising from the premature release of the E site frameshift site is translated in a physiological manner.
tRNA, namely a ribosome bearing only a single tRNA, Since the in vitro system is primed with AcPhe-tRNAPhe,
the peptidyl-tRNA, at the P site, might be very unstable it was necessary to determine whether priming occurs
and thus be susceptible to slippage into the 1 frame at the first UUC located at the 5 end of the mRNA, in
(as illustrated in Figure 1). In order to test this hypothesis, which case the frameshift site would be read in the
we established an in vitro translation system capable of correct frame, or whether binding of the AcPhe-tRNA
monitoring both the efficiency of frameshifting as well occurs either (1) at an out-of-frame UUC codon located
as the occupation by deacylated-tRNA at the ribosomal within the mRNA (either up- or downstream of the
frameshift window) or (2) within the frameshift windowE site.
E Site Importance for Reading Frame
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Figure 1. Hypothesis to Explain the High-Efficiency Frameshifting that Occurs during Translation of the RF2 mRNA
The SD-anti-SD interaction provokes a steric clash with codon-anticodon interaction of the E-tRNA (shaded), leading to premature release
of the E-tRNA (reaction I). The two main states of the elongation cycle, the pretranslocational (PRE) and posttranslocational state (POST), are
characterized and defined by the presence of two tRNAs at the A and P sites or P and E sites, respectively (for review, see Blaha and Nierhaus
[2001]). Therefore, the presence of only one tRNA bound to the ribosome, in this case peptidyl-tRNALeu, induces instability in the ribosome,
which in turn promotes a 1 frameshift (1 FS) of the tRNA and enables the binding of Asp-tRNA in the new frame (as seen in reaction II).
Note that the interaction between the SD-like sequence of the mRNA and the anti-SD of the 16S rRNA precludes a frameshift in the1 direction.
itself, namely by binding directly to the 1 frame UUU translation of theSD-mRNA in the presence of Ac[14C]-
Phe-tRNA and a mixture of amino acids, of which onlyPhe codon that overlaps the Leu CUU and the UGA stop
codon (see Figure 2A). These latter situations would of [3H]Phe was radiolabeled. We reasoned that the molar
ratio of Phe/AcPhe formed during translation would actcourse circumvent the frameshift event and prohibit the
study of this mechanism using this system. as an indicator for whether the active ribosomes initiated
translation at the first UUC position. As seen in FigureWe performed a series of controls to specifically ad-
dress this issue. First, kinetics were performed on the 3A, precisely 11 Phe residues were incorporated per
Figure 2. The mRNAs Utilized for the Analysis of 1 Frameshifting Occurring during RF2 Synthesis
(A) mRNAs used in the in vitro translation system. Two mRNAs containing the frameshift window of RF2 mRNA, one containing the wild-type
Shine-Dalgarno (SD)-like sequence (SD) of the RF2 mRNA, and the other in which the SD sequence was removed without affecting the
amino acid sequence (SD).
(B) mRNAs used for dipeptide formation analysis. In large lettering is the unique region of each mRNA used for programming the ribosomes.
The YLstop (upper) and YFstop (lower) mRNAs allow binding of the AcLeu-tRNA or AcPhe-tRNA to the P site, respectively. In each case, this
places Tyr UAC and stop codon UGA in the E and A site, respectively. Only by slippage of the P site tRNAs into the 1 frame can Asp-tRNA
bind to the A site and enable dipeptide formation.
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Figure 3. Characterization of an In Vitro Translation System using Model RF2 mRNAs
(A) Time course for translation of the SD-mRNA, which contains a (UUC)12 polymeric region upstream of the RF2 frameshift window, as seen
in Figure 2A. The reaction was primed with Ac[14C]Phe-tRNAPhe and measures the incorporation of [3H]Phe (represented as Phe incorporated
per priming AcPhe [Phe/AcPhe]) into the synthesized polypeptide chain as a function of time. The arrow indicates the incorporation of 11
Phe residues.
(B) Determination of the RF2 content of the synthetase-enriched fraction. Purified RF2 protein (50 and 100 pmol) and the equivalent of 100
l of the synthetase-enriched fraction were analyzed by Western blotting with a polyclonal antibody raised against RF2. The standard molecular
weight marker (MW) sizes are indicated.
(C) Sucrose gradient and oligopeptide analysis of RF2 mRNA in vitro translation reactions. The absorbance profile (260 nm) of a 10%–30%
sucrose gradient of translation reactions with SD (left)- and SD (right)-mRNAs performed in the presence of RF2. No Asp was present in
the system. The amount of ribosome bound polypeptide, determined by hot TCA precipitation of the 70S ribosome fractions from the sucrose
gradient, is shown in the presence (black bars) or absence (white bars) of RF2. The amount of radioactive polypeptides on the ribosomes in
the absence of RF2 is referred to by 100%.
priming AcPhe residue. This demonstrates that indeed K.H.N., unpublished data). This also suggests that 70S
ribosomes favor initiation at the end (presumably 5) ofAcPhe-tRNA initiates translation only at the first UUC
codon at the 5 end of the mRNA, since only in this the mRNA.
In the second set of control experiments, translationmanner can translation of the 11 following UUC codons
occur (Figure 2A). If initiation at any of the downstream of the SD-mRNA was repeated, but now the molar
ratio of fMet/Gly, and in a parallel experiment AcPhe/UUC/UUU codons or at an out-of-frame UUU codon
within the frameshift window was taking place, then the Gly, incorporated into the synthesized oligopeptide was
assessed. Since there is only one Gly codon in the 0Phe/AcPhe ratio should not reach 11.
The fact that translation initiation using AcPhe-tRNA frame upstream of the stop codon and two Gly codons
in the other two reading frames, then, if initiation wereoccurs at the 5 end of an mRNA is consistent with the
observation that, when the location of 70S ribosomes to occur in the 0 frame, only a single Gly should be
incorporated per synthesized oligopeptide. To verifybound to poly(U) in the presence of AcPhe-tRNA was
determined using electron microscopy, almost all the this, translation was initiated with fMet-tRNA, for which
there is only a single unique AUG codon in the 0 framemRNA bound ribosomes were found at one end of the
poly(U) strand. In contrast, under the same conditions (Figure 2A), located downstream of the poly(UUC) but
upstream of the frameshift window, and the ratio of fMet/but in the presence of 30S with the subsequent incuba-
tion with 50S subunits, 70S ribosomes were evenly dis- Gly was determined. Consistent with initiation in the 0
frame initiation, a ratio of fMet/Gly of 1.0 was foundtributed over the entire poly(U) strand (A. Bartetzko and
E Site Importance for Reading Frame
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Table 2. Frameshifting EvaluationTable 1. Peptide Analysis with the SD mRNA
Frameshifting Fractionf[14C]Met/[3H]Gly Ac[14C]Phe/[3H]Gly
[14C]Asp/N-Ac[3H]Phe
0.93  0.002 0.91  0.03
RF
Translation assays were performed with reassociated 70S ribo- (Molar ratio per 70S) SD mRNA SD mRNA
somes programmed with the RF2 model mRNAs that contain both
(UUC)12 and SD-like sequence. After 3 min of incubation, aliquots RF2 (0.5) 0.45  0.05 0.13  0.03
RF1 (2.0) 1.09  0.1were taken and precipitated by hot TCA. The specific activities were
1073 dpm/pmol, 124 dpm/pmol, and 1073 dpm/pmol for [3H]glycine, No RF 1.02  0.15
f[14C]Met and N-Ac[14C]Phe, respectively. The data are averages of
Reactions were performed in the presence of [14C]Asp (460 dpm/at least three independent experiments.
pmol). The effect on frameshifting was monitored by the incorpora-
tion of [14C]Asp into the precipitated fraction of the synthesized
polypeptide. [14C]Asp and N-Ac[3H]Phe were determined as the num-
(Table 1). To ensure that AcPhe-tRNA was initiating in ber of molecules per 70S. The ratio [14C]Asp/N-Ac[3H]Phe indicates
the 0 frame, the ratio of AcPhe/Gly was also determined the frameshift fraction. The data are averages of at least three inde-
pendent experiments.and found to be 1.0 (Table 1). Collectively, the results
of Figure 3A and Table 1 demonstrate that ribosomes
primed with AcPhe-tRNA initiate in the 0 frame upstream
of the frameshift window and translate through all 11 per hour; Adamski et al., 1994). As seen in Table 2,
almost half (45%) of the translating ribosomes frame-UUC Phe codons as well as the Gly codon (GGG/C in
the SDmRNA, respectively) to reach the frameshift shifted on the SD-mRNA in the presence of the RF2.
In contrast, low-level frameshifting (13%) was observedwindow.
The final control experiments were performed to test when the SD sequence was absent (SD-mRNA). In the
next experiment, we performed translation of the SD-whether the synthetase fraction, which was derived from
an S100-enzyme preparation, contained significant lev- mRNA but replaced RF2 with a very high concentration
of the noncognate RF1 (a molar ratio RF1:70S of 2), i.e.,els of the termination release factor RF2 or other postter-
mination factors that might dissociate the ribosomes noncognate to the UGA stop codon in the frameshift
window, since RF1 terminates translation at UAG andfollowing the action of RF2. The presence of endoge-
nous RF2 in the synthetase fraction could reduce or even UAA. As expected, no influence on the frameshifting
efficiency was observed, with the frameshifting levelprevent frameshifting in our system, since termination at
the UGA stop codon would be favored over frameshift- of 100% being comparable to that observed in the
absence of any release factor (Table 2). Again, thising. In order to quantify the amount of endogenous RF2
present in the synthetase fraction, Western blotting ex- clearly demonstrates the physiological competence of
the in vitro system applied.periments were performed with polyclonal antibodies
raised against RF2. Figure 3B shows that the synthe-
tase-enriched fraction was practically free of RF2. We The Relationship between SD-Anti-SD Interaction,
Frameshifting, and Release of E-tRNAquantified a maximum of 5 pmol of RF2 per 100 l of
synthetase fraction, which correlates with a maximal To monitor the influence of the SD-anti-SD interaction
on the efficiency of both frameshifting and E site tRNAcontamination of 0.075 pmol RF2 per assay—a negligi-
ble amount, considering that the first significant effect release, we performed translation of theSD- andSD-
mRNAs in the presence and absence of [14C]Asp (withof RF2 addition on frameshifting was observed at 1.0
pmol RF2 per assay (10 pmol 70S ribosomes; data not [32P]tRNATyr). In this and the following experiments, a
molar ratio of RF2:70S of 0.3 was chosen instead of 0.5,shown). In terms of the presence of posttermination
factors such as the ribosome recycling factor (RRF), we since, at a ratio of 0.3, the frameshift dependence on E
site release could be most easily monitored in vitro. Inreasoned that, if these factors were exerting an effect
following RF2-mediated termination, then we should ob- the absence of [14C]Asp, deacylated-tRNAAsp cannot be
charged, and thus no Asp-tRNAAsp is present in the sys-serve dissociation of the 70S ribosomes in the transla-
tion assays performed in the presence of RF2. To control tem to allow manifestation of the 1 frameshift. Under
these conditions, the ribosomes become stalled at thefor this, the reaction mixtures for the translation ofSD-
mRNAs in the presence and absence of RF2 were sub- frameshift site, where the stop codon is in the A site
and the Tyr codon is at the E site, at least in the presencejected to sucrose gradient centrifugation. The A260 pro-
files of the sucrose gradients of either mRNA in the of theSD-mRNA (see below). Since the system is now
supplemented with [32P]tRNATyr, we can monitor the oc-presence or absence of RF2 were identical (Figure 3C
shows the A260 profiles in the presence of RF2). This cupation of the E site of the stalled ribosomes. In Figure
4, in the absence of [14C]Asp, almost 80% of the stalledsuggests that the levels of posttermination factors, such
as RRF, within the synthetase fraction are simply too low ribosomes that were translating the SD-mRNA had an
E site tRNA, whereas no tRNA was present at the E site ofto promote efficient ribosome recycling and dissociation
into subunits following the action of RF2 in our frame- ribosomes translating theSD-mRNA. This immediately
suggested that, indeed, the presence of the SD-anti-SDshift assay.
In order to test the specificity of the in vitro system, interaction promoted release of the E site tRNA rather
than the manifestation of the frameshift via incorporationtranslation of the SD-mRNAs (Figure 2A) was per-
formed in the presence of a molar ratio of 0.5 RF2 per of Asp. This is consistent with the observation in Figure
3C, where it is shown that most ribosomes (70%)ribosome, i.e., the molar ratio that has been measured
in vivo over a range of growth rates (0.5–1.5 doublings translating the SD-mRNA in the absence of Asp were
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release of the deacylated-tRNA from the E site, then we
reasoned that increasing the spacing between the SD-
like sequence and the E site by moving the position of
the SD in the 5 direction should alleviate the steric clash
and prevent E-tRNA release. Furthermore, if E-tRNA re-
lease is coupled to frameshifting, then we should also
observe a concomitant loss of frameshifting. To address
this, we constructed a further series of mRNAs, 2SD-
mRNA and6SD-mRNA, in which the SD-like sequence
was moved upstream in the 5 direction by two and six
nucleotides, respectively (Figure 5, left).
We then performed translation in the presence of
[14C]Asp and monitored the occupation of the E site and
the efficiency of frameshifting. As seen in Figure 5 (right
half at 37C), very low levels (4%–16%) of frameshifting
were observed when the SD-like sequence was absent
(SDmRNA) or had been shifted upstream by two or
six nucleotides (2SD- and6SDmRNAs, respectively).
Figure 4. The Relationship between SD Sequence, E Site Occu- When the SD-like sequence was moved six nucleotides
pancy, and Frameshifting Efficiency upstream, we observed high-level binding of [32P]tRNATyr
Translation of SD- and SD-mRNAs (shown in Figure 2A) was at the E site, comparable to that obtained when theSD-
performed in the absence (Exp. No. 1 and 2) and presence of Asp mRNA was used. To our surprise, when the SD was
(Exp. No. 3 and 4). The occupancy of the E site by [32P]tRNATyr (green
moved upstream by only two nucleotides, the reversebars) is presented relative to the number of translating ribosomes,
coupling between E-tRNA release and frameshifting wasi.e., per AcPhe, whereas the amount of [14C]Asp incorporated per
lost, i.e., the E-tRNA was released, but a very low frame-AcPhe provides an indicator for the frameshifting efficiency (red
bars in Exp. No. 3 and 4). shifting efficiency was observed (incubation at 37C).
We suspected that the E-tRNA was in fact still present
during translation of the 2SD-mRNA, explaining thenot receptive to RF2 action, suggesting that they had
lower efficiency of frameshifting, but the proximity ofalready released the E-tRNA and therefore were able to
the SD sequence was close enough to exert a weakeningundergo a 1 frameshift event now displaying the Asp
effect on tRNA binding at the E site such that the E-tRNAcodon at the A site. In contrast, when the SD was absent,
was lost subsequently from the E site during the 15 minRF2 released the bound oligopeptide from 80% of the
incubation at 37C. If this assumption were correct, weribosomes, demonstrating that no frameshift had oc-
reasoned that we might have a chance to detect thecurred.
E-tRNA when we perform the assay at a lower tempera-When the experiment was repeated, but now with
ture of 30C instead of 37C. Indeed, performing the
the addition of [14C]Asp, we only observed significant
same reaction at the lower temperature restored the
frameshifting (incorporation of [14C]Asp into the nascent
reverse coupling between frameshifting and E site re-
polypeptide) when theSD-mRNA was used, i.e., in the
lease, such that now the E site was well occupied with
presence of the SD-like sequence, 88% of the translat- a deacylated-tRNA, and a low level of frameshifting was
ing ribosomes underwent a frameshift event accompa- observed (Figure 5). These results suggest that the close
nied by an almost complete release of the E-tRNA. The proximity of the SD-like sequence to the E site destabi-
ability to push the frameshifting event to such high levels lizes tRNA binding at this site, especially when there is
in vitro is reminiscent of the near 100% frameshifting overlap between the two. The results are in agreement
efficiency obtained in vivo by Donly et al. (1990). How- with previous in vivo studies, in which even single-base
ever, when the SD-like sequence was absent from the additions in the spacer between the SD sequence and
mRNA, we observed a comparatively low level of frame- tRNA binding sites were detrimental for the 1 frame-
shifting (12%) and a correspondingly high level of tRNA shift (Larsen et al., 1994; Weiss et al., 1987). These in vivo
bound to the E site of the stalled ribosomes (70%). findings also complement our in vitro data in Figure 5
The residual 12% frameshifting is probably due to the in that they demonstrate that the stalling of ribosomes
30% of active ribosomes that have lost their E-tRNA, on a SD sequence in an open reading is not sufficient
since we show here and in all following experiments to provoke a frameshift. Rather, the distinct frameshift
(Figure 5, upper left panel) that full occupancy (100%) window of the RF2 mRNA together with the properly
of the E site with a deacylated-tRNA is accompanied placed SD sequence is essential for the high-efficiency
by a negligibly low frameshifting. This striking reverse 1 frameshift.
correlation between E site occupation and frameshifting These results might also explain why a greater spac-
means that the presence of the E-tRNA correlates with ing in the canonical SD sequences found in the 5 un-
the absence of a frameshift, whereas an empty E site translated region of most bacterial mRNAs is necessary
correlates with a highly efficient frameshift event. for optimal initiation, since closer spacing may impair
binding of the initiator fMet-tRNA to the start codon at
The Spacing of the SD-like Sequence Is Critical the ribosomal P site. In addition, we propose that the SD,
for High-Efficiency Frameshifting as well as promoting the 1 frameshift, also prevents a
If the steric clash between SD-anti-SD and the codon- movement in the 1 direction. This would mean that
the SD sequence is preferentially supporting the move-anticodon interaction at the E site is responsible for
E Site Importance for Reading Frame
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Figure 5. The Effect of Positioning of the SD-like Sequence on Frameshifting
E site occupancy (red bars) and frameshifting efficiency (green bars) are presented for translation of SD- and SD-mRNAs (as utilized in
Figure 4) and compared with the translation of mRNAs, in which the SD-like sequence was moved two (2SD-mRNA) or six (6SD-mRNA)
nucleotides upstream. The relevant section of these mRNAs is shown on the left of the respective experiments. The flanking regions of the
indicated sequences marked with dotted lines are identical to the mRNAs shown in Figure 2A. The occupancy of the E site was measured
from the [32P]tRNATyr bound and frameshifting from the [14C]Asp incorporated at 37C (left) and 30C (right).
ment in the 1 direction. The results in Figure 3C sug- whether frameshifting causes loss of the E site tRNA.
To address this fundamental question concerning thegest that this may be achieved due to the very short
spacer between SD and the P site codon so that the mechanism of frameshifting and reading-frame mainte-
nance, we took an alternative approach, in which dipep-SD sequence pulls on the mRNA. In these experiments,
we determined the amount of labeled peptidyl residues tide formation was monitored within a minimal model
frameshift window in the presence and absence of ancomigrating with the 70S ribosomes. When the mRNA
lacked a SD sequence, the addition of RF2 led to an E site tRNA. In addition, this minimal system enables us
to separate the SD effect from the frameshift event,almost quantitative release of the oligopeptides, whereas,
in the presence of the SD sequence, the peptides were since we can generate an artificial situation in which the
E site tRNA is absent despite the lack of a SD sequence.only partially removed. A likely explanation is that, after
release of the E-tRNA, the SD does indeed pull the To this end, ribosomes were programmed with the
mRNA, thus impairing the recognition ability of RF2. YLstop-mRNA (that lacked a SD-like sequence as seen
After the E-tRNA is released, the SD sequence prevents in Figure 2B) and AcLeu-tRNA at the P site, which places
a frameshift into the1 direction and fosters a shift into a UGA stop codon at the A site. In this situation, the
the 1 direction. AcLeu-tRNA is amenable to slippage into the 1 frame
in an analogous fashion to that which occurs at the
RF2 frameshift site. [14C]Asp-tRNA·EF-Tu·GTP ternaryRelease of the E-tRNA: Cause or Consequence?
complex was then added, and the formation of dipeptideUp until now, we have demonstrated that the occupancy
AcLeu-Asp was monitored by HPLC. Since the Asp co-of the E site is inversely coupled with the efficiency
don GAC is in the 1 frame with respect to the Leuof frameshifting (Figure 4) and that the short spacing
codon in the P site, formation of the dipeptide can onlybetween the SD-like sequence and the first codon of P
occur when the ribosome makes a 1 frameshift. Tosite codon is responsible for release of the E-tRNA (Fig-
analyze the effect of the E-tRNA on dipeptide formation,ure 5). However, using this system, we are unable to
the experiment was conducted with and without an Econclusively demonstrate whether the release of the
site occupied by deacylated-tRNATyr.E-tRNA causes the ribosome to frameshift or whether
loss of the E-tRNA is the result of frameshifting, i.e., Figure 6A shows the relative elution positions of Asp,
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Figure 6. Monitoring Dipeptide Formation by HPLC
(A) The elution positions of the amino acids Asp (red circles), Leu (black triangles), N-acetylated Phe (N-AcPhe, green squares), and N-AcLeu
(black diamonds).
(B) Dipeptide formation on YLstop mRNA (Figure 2B) programmed ribosomes where AcLeu-tRNA is bound at the P site and the E site is free.
The pmol values refer to the total amounts of the corresponding peak. Of the total AcLeu present on the ribosome, about 25% was found in
the form of dipeptide (14 pmoles of 52 [14  38] pmoles).
(C) As (B), but now the E site is occupied with deacylated-tRNATyr, and no dipeptide is detected.
(D) Dipeptides found in the total fraction using YFstop mRNA (Figure 2B) programmed ribosomes containing AcPhe-tRNA bound at the P site
and with the E site free. Note that the trace amounts of dipeptide detected here (fraction 25) were not found on the ribosome, as determined
by nitrocellulose filtration.
(E) Controlling for dipeptide formation by the identification of elution positions of Asp and N-AcPhe after incubation of N-AcPhe-tRNA and
Asp-tRNA with nonprogrammed ribosomes, i.e., in the absence of mRNA.
Leu, AcPhe, and AcLeu from the HPLC column. The absence of both an E-tRNA and the SD sequence leads
to a frameshift event not higher than 25% upon A siteformation of dipeptides such as AcLeu-Asp and AcPhe-
Asp can be well separated from the corresponding occupation, suggesting that the SD sequence, with its
extremely short spacer of two nucleotides, promotesAcLeu and AcPhe, respectively (as seen by comparison
of Figure 6A with Figures 6B and 6D, respectively). When frameshifting in the 1 direction, provided the E-tRNA
had been released.dipeptide formation on the YLstop-programmed ribo-
somes was monitored in the absence of E-tRNA,25% To ensure the specificity of the results, a control
YFstop-mRNA was constructed where the P site Leuof the AcLeu-tRNA bound to the P site was shown to
react with Asp-tRNA binding in the1 frame, producing codon CUU was replaced with the Phe codon UUC (Fig-
ure 2B), which enables the AcLeu-tRNA to be replacedthe dipeptide AcLeu-Asp (Figure 6B). The AcLeu-Asp-
tRNAAsp bound at the A site was stable, since it could with AcPhe-tRNA at the P site. Since the latter cannot
slip into the 1 frame (it cannot re-base pair with thebe detected on the ribosomes by nitrocellulose filtration
(data not shown). In contrast, the presence of the deacyl- Ser codon UCU), this controls for the situation in which
dipeptide formation occurs via “out-of-frame” bindingated-tRNATyr in the E site (POST state) completely pre-
vented formation of any detectable dipeptide, either on of the Asp-tRNA. Using this YFstop-mRNA, AcPhe-tRNA
was bound to the P site (Pi complex). The puromycinthe ribosome or in the total fraction (Figure 6C). This
convincingly demonstrates that an occupied E site pre- reaction indicated that the AcPhe-tRNA was quantita-
tively at the P site. Upon addition of ternary complexvents frameshifting and that removal of the E site in
the RF2 mRNA is prerequisite for the highly efficient [14C]Asp-tRNA·EF-Tu·GTP, no traces of Asp were found
on the ribosome; however, a small but significant frac-frameshift event. However, in the minimal system, the
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tion of AcPhe-Asp dipeptide was present in the total achieved during translation of the RF2 mRNA makes
use of the importance of the E site: the SD sequence,reaction mixture of the Pi complex (Figure 6D), i.e., it
was exclusively found in the supernatant rather than in with its extreme short spacer, removes the E-tRNA and
thus paves the way for the 1 frameshift.the ribosome pellet (data not shown). Obviously, even
if the P-tRNA cannot undergo a frameshift, as in the
Experimental Procedurescase of Figure 6B, a small fraction of the peptidyl-tRNA
at the P site can form a peptide bond with an aminoacyl-
Materials
tRNA in the 1 frame if and only if the E site is free, Ribonucleoside triphosphates (Tris-salt), adenosine monophos-
underscoring the importance of the E site for maintaining phate, and inorganic pyrophosphate-decahydrate were from Sigma.
Adenosine 5-[32P]-triphosphates and all radioactive amino acidsthe reading frame. Since the deacylated-tRNA at the P
were purchased from Amersham-Buchler. The specific activity ofsite cannot shift in the 1 direction, the newly formed
[3H]Phe was precisely adjusted to 100 dpm per pmol via isotopicpeptidyl-ptRNA cannot be stably accommodated at the
dilution, whereas, for the preparation of Ac[14C]Phe-tRNA, the PheA site and falls off the ribosome. This indicates that the
preparation was directly taken from the manufacturer (Amersham-
ribosome cannot accommodate tRNAs at A and P sites, Buchler) with the specific activity of 1062 dpm per pmol. Restriction
when their codons are separated by one nucleotide, and enzymes EcoRI (20 U/l) and BamHI (20 U/L) and T4 DNA ligase
(6 U/l) were from New England Biolabs. Alkaline phosphatase (20that the small amount of dipeptide that was formed is
U/l), dNTPs, and T4 polynucleotide kinase were from Roche Phar-unstable and spontaneously falls from the ribosome.
maceuticals. Plasmids pSP65 and pSP64 were obtained from Pro-Lastly, in order to test the possibility that the dipeptide
mega. The plasmid for the expression of His6-T7 RNA polymerasefound in Figure 6D could be formed on empty ribosomes
was a kind gift of Prof. Dr. Marc Dreyfus (Paris). HEPES was from
(Belitsina et al., 1981, 1982), an additional control assay Calbiochem, and polyamines were from Fluka. All other chemicals
was conducted in which the dipeptide analysis was per- and cold amino acids were from Merck, Darmstadt. Long polyuridine
mRNA (poly[U]) was obtained from Pharmacia, Uppsala, Sweden.formed using nonprogrammed 70S ribosomes (without
All kits used in the plasmid isolation and purification were frommRNA) in the presence of N-Ac[3H]Phe-tRNA and [14C]Asp-
Qiagen, Du¨sseldorf, Germany. Nitrocellulose filters (0.45 m, No.tRNA. Figure 6E revealed that no dipeptide can be syn-
11306) used in the tRNA binding studies were obtained from Sarto-thesized on empty ribosomes, therefore demonstrating
rius AG, Go¨ttingen, Germany. Glass filters GF 6 (23 mm) were from
that dipeptide formation is strictly mRNA dependent in Schleicher & Schuell, Dassel, Germany. DEAE cellulose (DE-52) was
our system and arises from peptidyl transfer occurring purchased from Whatman Biosystem Ltd. Decoding release factors
RF1 and RF2 were prepared as described by Wilson et al. (2000).between A and P site tRNAs on the ribosome.
It is likely that codon-anticodon interaction at the E
Ribosomes and Other Translational Componentssite plays a decisive role for the observed effects. Al-
Reassociated 70S ribosomes were prepared from E. coli strainsthough the presence of codon-anticodon interaction at
CAN20-12E (Zaniewski et al., 1984) as described (Blaha et al., 2000).
this site is still controversially discussed, there is a grow- The procedure for the isolation of a synthetase-enriched fraction
ing body of evidence for the presence of such interac- free of tRNA involved anion-exchange chromatography of an S100
preparation, as described in Triana-Alonso et al. (2000). We found,tion. (1) Chasing experiments of labeled E-tRNAs from
also described in Triana-Alonso et al. (2000), that the synthetasethe ribosome are only effective if the chase tRNA carries
fraction was free from traces of amino acids and thus could be usedan anticodon complementary to the E site codon (re-
to check and determine the specific activity of a radiolabeled aminoviewed in Blaha and Nierhaus [2001]). (2) The distances
acid purchased from the manufacturer. tRNAbulk was from Roche
between anticodons of adjacent tRNAs on the ribosome Pharmaceuticals; tRNA2Leu was purchased from Subriden RNA (Roll-
are comparable to tRNAs at A and P sites and tRNAs ingbay, WA); and native tRNAs Phe, Tyr, and Asp, as well as tRNAbulk
depleted in tRNATyr, were obtained from BioMed (Maracay, Venezu-at P and E sites (20  3A˚ and 16  3A˚, cryo-electron-
ela). Native tRNAfMet was from Sigma. E. coli tRNATyr was 5 labeledmicroscopic study; Agrawal et al., 2000). Since simulta-
with [32P]; tRNALeu, tRNAAsp, and tRNAfMet were aminoacylated; andneous codon-anticodon interaction of tRNAs at A and
Phe-tRNAPhe and Leu-tRNA2Leu were N-acetylated and purified byP sites is a generally accepted feature, the same feature
reverse-phase HPLC as described (Rheinberger et al., 1988).
should therefore hold for tRNAs at P and E sites. (3) The All DNA inserts for different mRNAs used in this study were cloned
X-ray structure of 70S ribosomes carrying three tRNAs between the EcoRI and BamHI restriction sites of plasmids pSP65
or pSP64 from Promega. The sequence for the T7 promoter wasshows an interaction between the central base of the
placed behind the EcoRI restriction site at the 5 end of the insert,codon and anticodon at the E site but not between the
and the construct was linearized with BamHI for run-off transcriptionbases at the first and third positions (Yusupov et al.,
of the mRNAs by T7 RNA polymerase. All mRNAs were purified via2001). During the preparation of this complex, the
denaturing 15% polyacrylamide gel electrophoresis.
E-tRNA was not specifically bound to this site with re-
spect to the E site codon but rather was copurified with Translation and Binding Assays
tRNA binding and dipeptide assays and translation of model mRNAsthe 70S ribosomes. Thus, codon-anticodon interaction
were performed as described (Dinos et al., 2004) with the followingwas not to be expected in this complex; however, the
final conditions: 20 mM HEPES-KOH (pH 7.6) at 0C, 4.5 mM Mgadjacent location of the codon and anticodon suggests
(acetate)2, 150 mM NH4Ac, 4 mM -mercaptoethanol, 2 mM spermi-that codon-anticodon interaction at the E site is a stan-
dine, and 0.05 mM spermine.
dard feature during protein synthesis. Standard conditions for in vitro translation and frameshift assays
were as follows: in a total volume of 6.25 l (1 aliquot), the binding
reaction contained 5–10 pmol of 70S reassociated ribosomes pro-Conclusions
grammed with a 6 molar excess of the indicated mRNAs. RibosomesThe results demonstrate that an occupied E site and
were primed with 1.5–2 molar excess of N-acetyl[3H] or N-acetyl-probably codon-anticodon interaction at this site (see
[14C]-Phe-tRNAPhe (specific activity, 1000–3000 dpm/pmol) and incu-
Blaha and Nierhaus [2001] for review) play an essential bated for 15 min at 37C. The charging reaction contained, per
role for maintaining the reading frame. The mechanism aliquot in a total volume of 10 l, the following: an amino acid
mixture; each amino acid was present in a 500–1000 molar excessby which the extremely high-efficiency 1 frameshift is
Cell
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over ribosomes, 3 mM ATP, 1.5 mM GTP, 5 mM acetyl-phosphate, phase HPLC on a Nucleosil 100-5 C18 column (250 	 4 mm) equili-
brated in 0.1% TFA. A binary linear gradient was applied at 0.51/3 A260 of tRNAbulk or tRNAbulk minus tRNATyr (E. coli), and optimal
amounts of synthetase-enriched fraction free of tRNAs and other ml/min: 0.1% TFA (buffer A) and 60% acetonitrile with 0.1% TFA
(buffer B). Fractions of 900l volume were collected and the radioac-RNAs (3 l). The binding reaction (5 l) was mixed with the charging
mixture, previously incubated for 15 min at 37C. Aliquots were tivity measured.
withdrawn at various times. The binding of tRNAs was assessed by
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